The results of genetic studies in Arabidopsis indicate that three proteins, the RNase III DICER-Like1 (DCL1), the dsRNA-binding protein HYPONASTIC LEAVES1 (HYL1), and the C2H2 Zn-finger protein SERRATE (SE), are required for the accurate processing of microRNA (miRNA) precursors in the plant cell nucleus. To elucidate the biochemical mechanism of miRNA processing, we developed an in vitro miRNA processing assay using purified recombinant proteins. We find that DCL1 alone releases 21-nt short RNAs from dsRNA as well as synthetic miR167b precursor RNAs. However, correctly processed miRNAs constitute a minority of the cleavage products. We show that recombinant HYL1 and SE proteins accelerate the rate of DCL1-mediated cleavage of pre-and pri-miR167b substrates and promote accurate processing.
vation that pri-miRNA levels increase and pre-miRNA levels decrease in the weak dcl1-9 insertion mutant, DCL1 is believed to be required to cleave pri-miRNA to pre-miRNA (31, 38) . Several lines of evidence suggest that the dsRNA-binding protein (dsRBP) HYL1 and a C2H2 zinc-finger protein SE (Fig. 1A) are DCL1 cofactors. The mature miRNA levels are low in both hyl1 and se mutants (39) (40) (41) (42) , and pri-miRNAs accumulate (38, 43) . DCL1 and HYL1 recombinant proteins form a complex in vitro (43, 44) , and HYL1 has been reported to interact with SE (45) . DCL1 and HYL1 colocalize with DCL1 in small nuclear bodies containing primiRNAs, as does a fraction of the nuclear SE (38, 46) . A protein complex immunoprecipitated by using anti-HYL1 antiserum has been reported to process miR169 pri-mRNAs into mature miRNAs (47) . A nuclear methyltransferase, HUA ENHENCER1 (HEN1), methylates the 2Ј hydroxyl group of 3Јend of mature miRNAs (28, 48, 49) . In addition, HASTY, the Arabidopsis homolog of exportin 5, is required for miRNA accumulation and may transport miRNA into the cytoplasm (50) .
Although DCL1, HYL1, SE, HEN1, and HASTY have all been identified as playing a role in miRNA biogenesis in Arabidopsis, the detailed mechanism remains unknown. In the present study, we analyzed the ability of recombinant DCL1, HYL1, and SE proteins to process miRNA precursors in vitro. We show that recombinant DCL1 cleaves dsRNA, pre-miRNA, and pri-miRNA to release short RNAs of predominantly 21 nt, requiring only divalent cations and ATP. Both HYL1 and SE stimulate DCL1 activity on both pri-and pre-miRNA substrates and markedly increase the fidelity of cleavage. These results suggest that DCL1, HYL1, and SE form a heteropolymeric complex that catalyzes efficient and accurate processing of pri-miRNA to miRNA.
Results
Preparation of Recombinant DCL1, HYL1, and SE Proteins. Recombinant His-HA-DCL1-FLAG, His-HYL1, and His-SE were expressed in insect cells. To overcome the protease cleavage routinely observed in insect cell extracts expressing recombinant DCL1, we epitope-tagged the DCL1 with a 6ϫ His tag at the N terminus and a FLAG tag at the C terminus (Fig. 1A) . We obtained intact DCL protein by a two-step affinity purification procedure. Recombinant His-HYL1 and His-SE proteins were purified by using Talon (cobalt) resin, followed by NTA/Ni resin.
As judged by SDS/PAGE analysis, Ͼ90% of each purified protein preparation had the expected mobility of the intact protein (Fig. 1B) . In addition, we confirmed the identity and integrity of the purified recombinant His-HA-DCL1-FLAG protein by Western blot analysis with both anti-FLAG and anti-His sera (data not shown).
Recombinant DCL1 Processes dsRNA to 21-nt RNA. We first tested the activity of recombinant DCL1 protein using a dsRNA substrate with 2-nt 3Ј overhangs. Consistent with a previous report that used immunoprecipitated DCL1 (51), we observed the release of predominantly 21-nt small RNAs in a reaction that was time-and DCL1 protein concentration-dependent ( Fig. 1 C and D) . The optimal salt concentration for the DCL1-mediated cleavage reaction was found to be 25-50 mM NaCl (Fig. 1E ), similar to that observed for human Dicer (52) . At 50 mM NaCl, DCL1 requires both a divalent cation and ATP to cleave dsRNA; addition of EDTA inhibited the reaction completely (Fig. 1F) . No activity was observed in the absence of ATP, and the activity was substantially reduced when ATP was replaced by GTP (Fig.  1F) . Moreover, DCL1 recombinant protein is able to hydrolyze ATP in vitro (data not shown). We conclude that DCL1 cleavage is ATP-dependent (52, 53) .
Recombinant DCL1 Processes Pre-miR167b into Mature miRNA. Because pre-miRNAs have an imperfect dsRNA hairpin structure with a 2-nt 3Ј overhang at one end, we reasoned that DCL1 might itself be able to cleave the pre-miRNA to the mature 21-nt miRNA. Because miR167 level were substantially reduced in both hyl1 and se mutant plants (40, 42, 45), we chose miR167b precursor RNA as substrate. We prepared a synthetic substrate corresponding to the pre-miR167b sequence ( Fig. 2A) , labeled it at the 5Ј end, and incubated it with DCL1. We found that recombinant DCL1 alone generates 21-nt cleavage products (Fig. 2B) . However, there is genetic evidence that two additional proteins, HYL1 and SE, are required in vivo for miRNA biogenesis (38) (39) (40) (41) (42) (43) 45) . There is also cytological evidence that HYL1 and DCL1 consistently colocalize, whereas a fraction of SE also colocalizes with DCL1 as well as with miRNA precursors (38, 46) . We therefore investigated the effect of recombinant HYL1 and SE proteins on the cleavage of pre-miR167b by recombinant DCL1 in vitro. Addition of either recombinant HYL1 or recombinant SE significantly increased the initial rate of DCL1-mediated cleavage of pre-miR167b to 21-nt small RNAs ( Fig. 2 B and C) . HYL1 and SE have additive effects on the initial cleavage rate, as shown in Fig. 2 B and C, which depend on the concentration of each protein ( Fig. 2 D and E) . Hence, HYL1 and SE stimulate the cleavage of the pre-miRNA substrate by DCL1.
Recombinant DCL1 Processes pri-miR167b into Mature miRNA. To ask whether DCL1 can process pri-miRNA, we incubated DCL1 protein with a synthetic pri-miR167b substrate containing 93-nt pre-miRNA flanked by an additional 115 and 90 nt on the 5Ј and 3Ј sides of the pre-miRNAs, respectively (Fig. 3A) . We observed 21-nt cleavage products as well as a weaker 19-nt band (Fig. 3B , lane 4). We confirmed that the small RNA products contain both miR167b and miR167b* by Northern blot analysis with oligonucleotides ( Fig. 3 C and D) . To determine whether all of the cleavage products correspond to mature miR167b and miR167b*, the short digestion products were cloned and sequenced (see Methods). After removal of the sequences that do not match the pri-miR167b substrate sequence or that are shorter than 19 nt, we obtained 83 sequences. Among them, nine were identical to mature miR167b, one was a close variant of miR167b, and one was derived from the vicinity of the miR167b* sequence (Fig. 4A) . We note that the small RNA databases of Arabidopsis contain, in addition to the 21-nt miR167b sequence, 20-, 22-, 23-, 24-, and 1-nt offset reads (54, 55) , suggesting that the shorter and offset products also result from DCL1 cleavage. The remaining 72 sequences were derived from the other part of the pri-miR167b substrate, comprising Ϸ86% of the total. These sequences mostly matched the 3Ј end of the pri-miR167b substrate, indicating that DCL1 alone predominantly processes the substrate incorrectly.
HYL1 and SE Increase the Accuracy of pri-miR167b Processing. In view of the reports that the hyl1 and se mutations cause substantial reductions in the accumulation of mature miRNAs (39) (40) (41) and that miscleavage of miR163 pri-miRNA is observed in hyl1 mutant plants (43), we next asked whether recombinant HYL1 and SE proteins affect either the rate or the accuracy of DCL1 processing of pri-miR167b. We performed reactions using a fixed DCL1 concentration and increasing amounts of HYL1, SE, or both proteins. When judged by the amount of Ϸ21-nt RNA produced, we found that at the highest protein concentration used, HYL1 increased the amount of the cleavage product by Ϸ1.5-fold (Fig. 3 B and E, lanes 5-7) , SE by 3.8-fold (Fig. 3 B and E, lanes 8-10), and both together by almost 5-fold (Fig. 3 B and  E, lanes 11-13) . When the miR167b present in the digest was estimated by using an antisense oligonucleotide probe on a Northern blot, the added HYL1 and SE proteins appeared to have an even more pronounced stimulatory effect. Quantification of the results indicates that HYL stimulated DCL1-mediated release of miR167b by 2-fold ( Fig. 3 C and F, lanes  5-7) , SE almost 6-fold (Fig. 3 C and F, lanes 8-10) , and both together by Ͼ7-fold (Fig. 3 C and F, lanes 11-13) . Quantification of miR167b* by image analysis of Northern blots shows an even more pronounced stimulatory effect of HYL1 and SE proteins (HYL1, 3-fold; SE, 11-fold; and HYL1ϩSE, 17-fold; Fig. 3 D and  G) . We also tested the influence of HYL1 and SE on the cleavage of a pri-miR171a substrate and observed a similar stimulatory effect of both proteins [supporting information (SI) Fig. S1 ]. These results suggested that both proteins improve the accuracy with which DCL1 processes pri-miRNA to mature miRNA.
To determine directly whether HYL1 and SE improve the accuracy of cleavage, we cloned and sequenced the small RNAs from reactions containing DCL1 and each protein alone as well as both proteins together. We determined the accuracy of cleavage by measuring the frequency with which the short RNAs correspond precisely or almost precisely to the miRNA sequence or its complement. The location of the sequenced small RNAs cleavage products in the sequence of the pri-miR167b substrate is shown in Fig. 4 A-D. Precise processing was defined as the percentage of the small RNA sequences identical to miR167b or its complement. HYL1 increased the accuracy from 11% to 22%, whereas SE increased the accuracy to 41%. When both HYL1 and SE were added to the reaction, 68% products corresponded to the miR167b sequence (Fig. 4E) . If shorter 19-nt sequences and sequences offset from the miR167b sequence (or its complement) by Ͻ2 nt were included (termed ''almost precise'' in Fig. 4E ), the accuracy increased from 13% for DCL1 alone to 26% for DCL1 ϩ HYL1, 58% for DCL1 ϩ SE, and 81% for DCL1 ϩ HYL1 ϩ SE (Fig. 4E) . Conversely, the fraction of short RNA sequences derived from the end of the pri-miRNA substrate (termed ''incorrect'' in Fig. 4E ) decreased when either HYL1 or SE or both were included in the reaction (Fig. 4E) .
The in vivo processing accuracy is Ϸ100%, as judged by the representation of small RNAs corresponding to the mature miRNA or its complement as a fraction of all small RNAs in the small RNA deep-sequencing databases derived from the MIR167b locus (Fig. 4E) (54, 55) . The miR167b* sequence is substantially underrepresented among the cloned short RNA sequences, which may be a cloning artifact, because the complementary sequence can be detected by Northern blot analysis. Correction of the error introduced by this underrepresentation would further increase the fidelity of in vitro processing of the pri-miRNA to mature miRNA by DCL1 in the presence of HYL1 and SE. Combining the increasing bias toward correct cleavage with the extent of stimulation of the cleavage rate, it appears likely that the HYL1 and SE proteins function by stimulating correct cleavage rather than by suppressing incorrect cleavage of the precursor by DCL1. We conclude that both HYL1 and SE are important in defining the cleavage sites of DCL1 on miR167b pri-miRNA, and the two proteins appear to function synergistically.
Discussion
The results of the present studies on DCL1, one of the four DCL enzymes in Arabidopsis, reveal that the plant enzyme shows significant mechanistic differences from its animal counterparts DCL and Drosha in miRNA biogenesis. It was reported that DCL1 immunoprecipitated from plant tissue extracts was able to cleave dsRNA to 21-nt small RNAs (51) . We characterized the nuclease activity of purified recombinant DCL1 and found that it is able to cleave dsRNA with 2-nt 3Ј overhangs to 21-nt products, requiring a divalent cation and ATP for activity.
DCL1 alone is capable of cleaving both the hairpin RNA structure of the pre-miR167b and a longer pri-miR167b containing flanking single-stranded regions to release 21-nt small RNAs. However, when we analyzed the sequence content of the small RNA digestion products by cloning and sequencing those released upon digestion of the pri-miR167b substrate with DCL1 alone, we found those corresponding to the miR167b miRNA to (E) Processing accuracy. Small RNA products of DCL1 cleavage were cloned and sequenced. The accuracy of processing is defined as the percentage of sequences identical to miR167b or its complement miR167b* (precise) or identical sequences together with the fraction of sequences that are either offset by 1-2 nt or are 1-to 2-nt shorter than the miR167b sequence or its complement (almost precise). Incorrect cleavage is defined as the fraction of Ϸ21 -nt sequences derived from other parts of the pri-miR167b sequence, predominantly corresponding to its 3Јend. I and II, in vivo processing accuracy or inaccuracy at MIR167b locus from Rajagopalan deep sequencing data (55) and ASRP database (54) . The accuracy of in vivo processing is defined as representation of sequences identical to miR167b or its complement miR167b* as a fraction of all small RNA sequences derived from the MIR167b locus. Incorrect cleavage is defined as the fraction of Ϸ21-nt sequences derived from other parts of the MIR167b locus. D, DCL1; H, HYL1; S, SE.
be a minority (13%). Based on both genetic and cytological observations that implicate the involvement of the HYL1 and SE proteins in miRNA biogenesis (38-42, 45, 46) , we studied the effects on the rate and accuracy of the DCL1-mediated processing of pri-miRNA, using pri-miR167b substrates. We found that each protein increased the rate of cleavage, as well as its accuracy, as judged by the fraction of short RNA sequences that correspond nearly or exactly to miR167b and its complement miR167b*. Addition of both proteins further enhanced the rate and accuracy of processing, suggesting that the proteins act synergistically. Judging from the increase in both the rate and the accuracy of cleavage, it appears that the HYL1 and SE proteins act by stimulating correct cleavage, rather than by suppressing incorrect cleavage of the precursor. By contrast to Drosha, which contains a single dsRBD and cannot form a stable complex with pri-miRNA (56), DCL1 has two dsRBDs and does cleave pri-miR167b in vitro. Moreover, Arabidopsis plants homozygous for the dcl1-9 mutation that disrupts the second dsRBD are defective in miRNA biogenesis (28, 29) . It therefore appears likely that the presence of two dsRBDs in DCL1 is required for its ability to carry out at least the first cleavage step from pri-miRNA to pre-miRNA. The Dicer-like activity of DCL1 in the release of mature miRNA from pre-miRNA may not require both dsRBDs because human Dicer, with only one dsRBD at the C terminus, is able to process the dsRNA substrates without other cofactors (52, 53) . Furthermore, the Dicer from Giardia intestinalis, which lacks a Cterminal dsRBD, is active on dsRNA substrates (57) .
The dsRNA-binding proteins TRBP and PACT are required for miRNA-mediated gene silencing and are believed to help Dicer load mature miRNA into the RISC complex. However, their precise functions remain uncertain because two reports have failed to find differences in in vitro pre-miRNA processing between Dicer and the Dicer-dsRBP complex (21, 23) , whereas a third showed that depletion of TRBP reduced the Dicer activity on pre-miRNAs in vitro (22) . Another study demonstrated that TRBP and PACT facilitate Dicer in siRNA production in vitro (58) . The results of the present study, together with those of earlier genetic studies, establish HYL1 and SE as DCL1 cofactors in pri-miRNA processing to mature miRNA. There is both in vivo and in vitro evidence that DCL1, HYL1, and SE colocalize and interact (43) (44) (45) (46) . DCL1 has been detected in association with a very large complex (Ͼ660 kDa) that may contain DCL1, HYL1 and SE (51) . As judged by gel mobility-shift assays, DCL1, HYL1, and SE are each capable of binding pri-miRNAs (data not shown). Hence, HYL1 and SE may function to present the substrate to DCL1 for correct cleavage. Among animal primiRNAs, the distance from the bottom of miRNA-containing stem-loop structure within the pri-miRNA to the Drosha cleavage site is consistently Ϸ11 nt, and the dsRNA-binding protein DGCR8 is believed to measure this distance to determine the Drosha cleavage position on pri-miRNAs in generating premiRNA from pri-miRNA (59) . The mechanism by which HYL1 and SE define the correct initial cleavage site on the pri-miRNAs for DCL1 is likely to be more complex, because the corresponding distance between the end of the stem and the initial site of cleavage is much more variable in plants than in animals. Henderson et al. (30) reported that small RNAs cloned from the dcl2 dcl3 dcl4 triple mutant form fewer families than those from wild-type plants. In other words, DCL1 tends to cleave its substrates at specific positions compared with the random cleavage by DCL2-4, which suggests that DCL1 cleaves its RNA substrate in a sequence-specific way at some frequency in vivo, as we show that it does in vitro. Nonetheless, our observation that HYL1 and SE promote correct processing of pri-miRNA by DCL1 implies that they provide additional information to stimulate the initial cleavage of pri-miRNA at the correct position for subsequent release of the miRNA by DCL1. Further studies will be required to define the precise substrate sequence and structural requirements as well as to define the nature of the interaction among DCL1, HYL1, SE, and their substrates.
Methods
Preparation of Baculovirus DCL1, HYL1, and SE Expression Cassettes for Insect Cells. To obtain C-terminal fusions of HA-DCL1-FLAG, oligonucleotide pairs FLAG-AscI-F, FLAG-AscI-R, and HA-NotI-F, HA-NotI-R were annealed and inserted into the AscI site of plasmid pENTR-D-DCL1 and the NotI site of plasmid pENTR-D-DCL1-FLAG. Although the HA tag was not used in the purification, there is an HA tag at the N terminus of the DCL1 ORF. HA-DCL1-FLAG, HYL1, and SE fragments were inserted into pDEST10 vector by LR recombination. The Invitrogen Bac-to-Bac system was used to produce the bacmid to transform the insect cells.
Purification of Recombinant DCL1, HYL1, and SE Proteins from Insect Cells. The His-HA-DCL1-FLAG recombinant protein was purified by two affinity columns by using Ni/NTA beads, followed by anti-FLAG beads. Recombinant His-HYL1 and His-SE proteins were purified by using Talon (cobalt) resin, followed by NTA/Ni resin. Activity Assay. Briefly, the RNA cleavage assays (10 l) contained 20 mM Tris⅐HCl (pH 7.0), 50 mM NaCl, 4 mM MgCl 2, 5 mM ATP, 1 mM GTP, 2 units of RNase inhibitor (RNaseOUT; Invitrogen), RNA substrate, and recombinant DCL1, HYL1, and SE proteins. After incubation at 37°C, the products were extracted with phenol/chloroform and precipitated. The processing products were fractionated by PAGE in a 12% acrylamide-8 M urea gel.
Cloning of RNA Cleavage Products. The bands corresponding to oligonucleotides in the vicinity of 21 nt were eluted from gel slices and coprecipitated with glycogen. A 5Ј adaptor and a 3Ј adaptor were ligated to the RNA cleavage products sequentially. RT-PCR was carried out by using the adaptor-ligated RNA cleavage products. PCR fragments were cloned into the pGEM-T-easy vector (Promega) and sequenced with M13F primer. Sequences were analyzed with Vector NTI software (Invitrogen). Table S1 for detailed methods, oligonucleotide sequences, in vitro processing of pri-mir171a, and small RNA sequences cloned from in vitro processing of pri-miR167b.
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